A carbon nanotube polymer material was used to form a piezoresistive strain sensor for structural health monitoring applications. The polymer improves the interfacial bonding between the nanotubes. Previous single walled carbon nanotube buckypaper sensors produced distorted strain measurements because the van der Waals attraction force allowed axial slipping of the smooth surfaces of the nanotubes. The polymer sensor uses larger multi-walled carbon nanotubes which improve the strain transfer, repeatability and linearity of the sensor. An electrical model of the nanotube strain sensor was derived based on electrochemical impedance spectroscopy and strain testing. The model is useful for designing nanotube sensor systems. A biomimetic artificial neuron was developed by extending the length of the sensor. The neuron is a long continuous strain sensor that has a low cost, is simple to install and is lightweight. The neuron has a low bandwidth and adequate strain sensitivity. The neuron sensor is particularly useful for detecting large strains and cracking, and can reduce the number of channels of data acquisition needed for the health monitoring of large structures.
Introduction
Smart materials developed using nanotechnology have the potential to improve the way we generate and measure motion in devices from the nanoscale to the macroscale in size. Among several possible smart nanoscale materials, carbon nanotubes (CNTs) have aroused great interest amongst researchers because of their remarkable mechanical, electrochemical, piezoresistive and other physical properties. It is predicted that integrating CNT materials into polymers will open up a whole range of smart structure applications [2, 3] . CNTs are currently of interest in the building of advanced sensors [4] [5] [6] [7] and actuators [8] [9] [10] for applications that require high force and stiffness and self-sensing of motion. CNTs are the strongest material possible, and are super-elastic and can 3 http://www.min.uc.edu/∼mschulz/smartlab/smartlab.html be bent to large angles without breaking. Structural and electrical characteristics of CNTs include a large surface area, piezoresistivity and electrochemical properties that make them a promising smart sensor material. The electronic properties of nanotubes are interestingly a strong function of their atomic structure. Furthermore, mechanical deformation or chemical functionalization of the surface can induce changes in the conductance [11] of a nanotube. Their small size allows CNTs to be used as extremely small sensors that are sensitive to the chemical and mechanical environments of the nanotubes.
These great properties represent a potential for developing actuators with high stress, high strain and low operating voltage and for developing multifunctional sensory materials. In particular, the idea of using the piezoresistivity of CNTs (change in resistance with strain) and the possibility of making a long fiber to be used as a neuron may produce a useful new strain sensor. Such a sensor could measure large strain and form a grid over a large area of a structure for structural health monitoring (SHM) applications. Also, unlike other smart materials, CNTs are potentially simultaneously structural, functional and smart materials because of their load carrying capability, high thermal and electrical conductivity and sensing properties. A polymer nanocomposite material containing about 1 per cent of single walled carbon nanotubes (SWNTs) can become a self-sensing structure if an electrode is applied to the composite surfaces. Another approach is to form thin films of the CNT polymer on the surface of a structure to monitor the structure for damage. Building smart structural materials that can actuate and self-sense by casting CNTs in a polymer material is a new approach to the design of smart structures.
Because of the small size of the sensor that is made possible by the application of nanotube smart materials, some researchers have studied the strain sensing properties of CNTs using Raman spectroscopy at the nanoscale [12] . Raman spectroscopy [13] [14] [15] can also be used at the macroscale for indirect measurement of the resistance of a nanocomposite. However, Raman spectroscopy is too bulky to be used in a sensor mechanism. In another approach, Watkins et al [69] used lithography and aligned SWNTs to fabricate a SHM sensor based on strain measurement. This microelectromechanical system (MEMS) technique can measure small strain and it can also detect very small cracks. However, this sensor would require a large signal processor due to the arrays of sensors that would be needed to cover a large area for SHM. In general, mechanical and civil engineering applications have large areas to be monitored and a simple SHM system with a minimum number of data acquisition channels would be desirable.
At the other extreme, there are difficulties when using nanotubes at the macroscale. Buckypaper is a thin sheet (film) formed using a well-controlled dispersion of CNTs in a solvent and evaporating the solvent to form a porous network of SWNTs. At the macroscale, fragility and the transfer of strain to the nanotubes in the buckypaper have been blocked the development of a dynamic strain sensor for practical applications. Also, Raman spectroscopy is not a practical sensing technique in the field of SHM because of its cost and complexity. To overcome these limitations, a nanocomposite material needs to be developed to minimize slip between adjacent nanotubes and between nanotubes and the polymer, and to increase the strain transfer and strength of the material. Also, strain measurement using the sensor would ideally follow a simple strategy like a conventional strain gage.
Hence, in this paper a composite electrical resistance strain sensor based on SWNTs is developed to measure the strain of a structure at the macroscale. Moreover, a multiwalled carbon nanotube (MWNT) polymer composite was built and tested as a continuous strain sensor. The MWNT sensor has a lower electrical performance but a lower cost than the SWNT sensor. The material processing approach developed herein reduces the problems of the buckypaper strain sensor and produces a nanocomposite strain sensor that is rugged and practical. In addition, a long CNT strain sensor is used to form a continuous neuron sensor for SHM. This is a preliminary study to develop a neuron which can detect high strain and cracks using a biomimetic artificial neural system (ANS) made of a CNT composite. The sensors developed in this study may lead to a new material system with applications to structures for civil and mechanical systems.
Fabrication and characterization of a SWNT based strain sensor

Buckypaper fabrication
The inability to synthesize long nanotubes has been a serious obstacle to the use of CNTs in engineering applications. Because of the small size of CNTs and their high surface area, fabricating functional macroscale materials has been a major challenge for applications such as high capacity energy storage, sensor materials and electrochemical actuators. Dispersion during composite processing is required to produce a suspension of independently separated nanotubes that can be manipulated into preferred orientations for large scale applications. The nanotube bundles must be separated into tiny bundles using mechanical, chemical or combined methods. Even with multiple approaches, the dispersion of nanotubes is very challenging and the process depends on the quality and surface morphology of the nanotubes [17] [18] [19] . In this paper, various conditions for sample preparation are tried, although in many cases the best performance for real applications is still to be achieved. Mechanical dispersion using ultrasound or shear force mixing is the main approach used here to fabricate the SWNT based sensor. A limitation of this approach is that energy from mechanical methods can fragment the nanotubes and reduce the aspect ratio and degrade the electrical properties [20] . Because high energy ultrasound and excess sonication time cause defects and serious damage to CNTs, low power bath sonication is used here to maintain long tubes, rather than tip sonication [21] that improves dispersion but breaks the nanotubes. The ultrasound cavitation generated by the sonicator is so energetic it can break or strip the outer graphite layers of CNTs and it can completely cut the tubes from tangled nanotube ropes [22] .
In this paper, commercially obtained SWNTs [23] were dispersed in dimethyl formamide (DMF) solvent, 1.5 mg ml −1 , and put in a bath sonicator (Branson 1510) for 20 h. After the dispersion processing, the SWNT suspension solution was poured into P8 filter paper, or a Teflon casting mold, and dried in a vacuum oven at 60-70
• C for 12 h to slowly evaporate the solvent. Then the freestanding buckypaper film (∼20 µm thick) was peeled off. This film is composed of highly entangled SWNT bundles held together by van der Waals forces. Sonicating the SWNT ropes in the solvent causes inevitable defects during the dispersion process. Thus, the CNT should be partially healed and purified through an annealing process. It has been reported that the annealing process not only recovers the wall defects, but also improves the electrical properties of the CNT [24] . The annealing heat treatment at high temperature improves the electrical properties of the CNT sheet by removing the residual solvents and contaminants and improving the crystallinity [25] . In [26, 27] it is reported the annealing affects the electrochemical properties of the SWNTs. The annealed SWNTs have super-capacitance due to a large specific area produced by the small and uniform distribution of pore diameters. In this study the buckypaper was annealed in a furnace at 320
• C in air. The electrical conductivity of the buckypaper improved with the annealing process, but in most the cases the buckypaper used for the strain sensor did not require much electrical improvement.
Fabrication of SWNT/polymethyl methacrylate composite sensor
Ideally, strain applied to the structure is transferred to the nanotubes in the sensor. However, the buckypaper sensor has some slippage among the nanotubes in bundles because there is only weak bonding due to the van der Waals interactions at the junction points of the nanotubes. This may hamper strain transfer through the whole sensor and degrade strain measurements. Thus, a SWNT based composite material was fabricated to improve strain transfer across the nanotube sensor by means of better interfacial bonding. Adding a polymer to pristine nanotubes improves interfacial adhesion between the phases and achieves a stronger bond between the polymer and nanotubes by forming a helical polymer conformation [28] . In the literature, the interfacial adhesion of the nanotubes was found to improve due to an order of magnitude increase in the interfacial shear strength of the polymer material [29] .
Since the nanotube-matrix interface is a critical parameter for controlling the mechanical and electrical properties of CNT composites, it is studied on the basis of polymer reinforcing techniques [30] [31] [32] [33] . However, the physics of intercalation of CNTs to the binding matrix has yet to be clarified, and controlling dispersion is still a challenge. In this study, polymethyl methacrylate (PMMA) was used as a polymer binding material because it is simple to handle and to mix with SWNTs in a solvent (DMF). PMMA was added to a suspension of SWNTs in DMF and mixed using shear force with a Dremel drill at 70
• C for 4 h. After the dissolving and mixing process, the liquid was cast in a Teflon mold to form a sheet and it was initially cured in a vacuum oven at room temperature for 30 min to remove air. It was then fully cured in a low vacuum (16 inch Hg), at 120
• C for 12 h to evaporate the solvent and to anneal the SWNTs in the binding material. Finally, the SWNT/PMMA composite film (∼85 µm thick) was detached from the mold. Optimized dispersion and polymer processing are required to give uniform and homogeneous samples for tests. However, this is challenging to achieve due to small variations in the SWNTs and the polymer processing. Apparently small variations in multiple processing parameters can have a significant effect on the overall properties.
Electrical characterization and modeling of the sensor in an electrolyte
Electrochemical impedance spectroscopy (EIS) testing was performed to characterize the electrical properties of the SWNT/PMMA sensor material and to help develop an electrical model of the material. EIS testing is a basic characterization method that analyzes the electrokinetics of the material in relation to the conduction and capacitance of the sensor [3] . The properties of the sensor strongly depend on the material processing because it is a nanocomposite. Therefore, the electrical properties of the sensor were studied using electrochemical impedance spectroscopy. It was then attempted to relate the electrical properties to the nanocomposite processing including the functionalization, dispersion and annealing of the nanotubes. EIS is a frequency response type analysis using a wet test cell based on electrochemistry. The EIS is usually measured by applying a small amplitude AC potential and a fixed DC potential to an electrochemical cell and measuring the current through the cell. A sinusoidal potential excitation is often applied. The response to this potential is an AC current signal, containing the excitation frequency and its harmonics. This current signal can be analyzed as a sum of sinusoidal functions [36] . The impedance varies with frequency and is often plotted in different ways to make it a spectroscopic technique [37] . The EIS cell consists of a working electrode, which is the SWNT or PMMA/SWNT composite sample, a Pt plate counter electrode, and a reference electrode which in this study was a saturated calomel electrode (SCE) in 3% NaCl electrolyte. This setup describes a potentiostat, which is an electronic device that controls the voltage difference between a working electrode and a reference electrode. Both electrodes are contained in the electrochemical cell. The potentiostat implements this control by injecting current into the cell through the auxiliary, or counter, electrode and the potentiostat measures the current flow between the working and auxiliary electrodes. The controlled variable in the potentiostat is the cell potential and the measured variable is the cell current.
For testing of the sensor material, 3 mm × 5 mm × ∼0.3 mm pieces of the SWNT/PMMA composite were fabricated. Buckypaper samples were also fabricated for comparison. The EIS measurements were performed using a Gamry potentiostat (model PCI4/750) coupled with EIS software (Gamry, EIS300). Figure 1 shows the complexplane impedance plot with 0.4 V bias voltage and the cyclic voltammetry (CV) [36, 38] behavior of samples at a scan rate of 100 mV s −1 in the electrolyte. The Nyquist diagrams in figures 1(a), (c) show improved conductivity after annealing. The CV diagrams in figures 1(b) and (d) show an expansion of area which means the capacitance is increasing after annealing [26] .
The EIS test shows the complex-plane impedance plot and it also shows the electrical parameters and allows equivalent circuit modeling of the sensor based on the frequency response. Electrical modeling of CNTs can be a combination of resistance, inductance and capacitance (R, L and C, respectively) [39] [40] [41] [42] [43] [44] elements. The electrical properties of buckypaper and the composite strain sensor can be modeled as Randles' circuit which is an equivalent parallel RC circuit representing each component at the interface and in the solution during an electrochemical reaction. Above 1 Hz, the circuit parameters correspond to the physical system of a double layer capacitor (C d ), polarization resistance (R p ) and Warburg coefficient (W ), as shown in figures 2(a) and (b) [36] . The PMMA polymer composite sensor can be modeled using the Warburg impedance due to a combination of kinetic and diffusion processes, but these effects are neglected in the circuit model here due to their minor effect for strain sensing. Table 1 shows the estimated electrical parameters of the samples that were determined using the EIS test. The parameters are extracted from the EIS data using the curve fitting algorithm within the EIS software. We can predict the performance of the sensor and study the effect of the annealing process using these parameters. To verify the electrical modeling of the circuit, a Nyquist plot was simulated based on the estimated parameters. If we assume that the electrical model of the SWNT sensor is as shown in figure 3(a) , the impedance of the circuit can be found using the following equations. The impedance of a capacitor (z C ) in the time domain is:
For the frequency domain analysis, if we convert equation (1) to the S domain by using a Laplace transform, the impedance of a capacitor (Z C ) is:
The impedance of a resistor (Z R ) is:
The total impedance of the combination circuit is found by adding reciprocals:
The impedance in the frequency domain becomes:
(5) A Nyquist plot is made using equation (5) and the parameters of buckypaper in table 1. This result is shown in figure 3 (c) and it is identical with the curve fit in figure 1(c) .
An electrical model of the nanocomposite is required in order to optimize its sensing characteristics in electrical circuits. It is also important to know how the sensor impedance parameters are related to the material process. The resistance dominates the strain sensitivity to cracking and it also reduces the sensitivity of long sensors because the resistance becomes too large. The EIS can help us to understand how to improve dispersion of the nanotube in the polymer to reduce the resistance, and this will help to design a longer continuous strain sensor. It is expected that improved sensitivity and longer sensors can be obtained from the improved composite fabrication process.
Strain response modeling and sensitivity of the sensor on a dry structure
A set of CNT strain sensors was attached to the surface of a fiberglass beam. A fiberglass cantilever beam was used because it is a simple structure for modeling and testing the response of the sensor. One end of the beam was clamped to a table as shown in figure 4. Each strain sensor was tightly bonded using a vacuum bonding method to ensure that the superglue makes a stiff bond to transfer the strain across the sensor without any slippage. The sensors were connected to wires with silver conducting epoxy to reduce the contact resistance. The beam end displacements and change of resistance of the individual sensors on the beam were measured when the beam was deflected.
It has been reported that the electrical properties of SWNTs show a change over a wide temperature range [45, 46] , and change due to pressure [47] and also due to certain chemical environments [48, 49] . Since we are developing a resistance strain sensor, it is assumed that the resistance of the SWNT based sensor only changes due to strain, and the capacitance does not change in this study. The change of resistance of each strain sensor was measured with respect to the displacement due to bending of the cantilever beam. The strain in the beam (ε) was derived from cantilever beam theory [50] as shown next. Using beam theory, the stress in the beam is:
where M, I are the internal bending moment in the beam and the bending inertia of the beam, respectively, c = t/2 is the distance from the neutral axis to the surface of the beam where the strain sensor is bonded and t is the thickness of the beam. For a rectangular beam I = bt 3 /12, where b is the width of the beam. For the case of a cantilever beam with a load at the free end, the internal moment, M, in the beam at the strain sensor is
where P is the load, a is the distance from the fixed end of the beam to the center of the location of the strain sensor and L is the length of the beam. Solving for the strain in the beam using (6) and (7) gives:
where E is the elastic modulus of the beam. If a perfect bond is assumed between the beam and the strain sensor, then the strain at the surface of the beam and the strain in the sensor will be identical. In the experiments performed, the beam will be displaced by a known amount at the free end. Beam theory is used to determine the load in terms of the displacement at the end. The load can be substituted into (8) to obtain the strain at the location of the sensor due to the displacement of the free end of the beam. The displacement at the free end of the beam y(L) due to the concentrated force at the end (P) is:
Then substituting equation (9b) into equation (8) gives the strain at the strain sensor:
Equation (10) will be used to convert beam displacement to strain in the modeling. The change in resistance of the strain sensors was measured with a multi-meter and the values were converted to a normalized change of resistance (R N ):
where R 0 is the resistance without any displacement or strain and R s is the measured sensor resistance when the beam is strained. Table 2 shows the estimated beam parameters used to find the strain. Figure 5 shows the change of resistance of the strain sensors with respect to the change of strain. In this experiment, the slope of the curve represents the sensitivity of each strain sensor. The data shown are the average values of five strain measurements for each sample. The test was conducted only in the elastic displacement range. In the future, the linearity test will be performed above the elastic structural deformation range to test the ability of the composite sensor to measure large strain. The strain response of buckypaper shows a higher sensitivity than other composite sensors in the linear bending range, but in tension it shows a saturated nonlinear behavior above the 500 microstrain range. This is probably due to the contact separation and slip of the SWNTs which are entangled with simple mechanical bonding in the buckypaper. In beam compression, the buckypaper sensor does not show saturation in the strain response. There is probably less slip of individual SWNTs during compression. Even though the buckypaper shows piecewise linearity, the buckypaper may not be suitable for measuring strain in the whole elastic range. While the composite strain sensors show less sensitivity than buckypaper, they show quite a linear symmetric strain response in both compressive and tensile bending cases. Because the polymer bonding prevents sensor slippage, it effectively improves the strain transfer across the composite sensor and shows a linear strain response with load. The sensitivity of the strain sensor is defined as the gage factor (S g ) which relates the change in resistance to the axial strain (ε a ) [51] . From the definition of gage factor, the gage factors of each sensor can be found using equation (12) and they are the slopes of the curves in figure 5 :
Figure 6(a) shows the gage factors for the SWNT buckypaper and SWNT/PMMA sensors. The gage factor of buckypaper formed using 100% SWNT is higher than the other composite samples in the small strain range. Figure 6(b) shows the resistivity of the samples which is computed based on the resistance and dimensions of the samples. The lower percentage of SWNT in the composite sensor shows a higher sensitivity, except for buckypaper. This study shows the freedom to design the gage factor or resistance by controlling the ratio of polymer to SWNTs under optimized dispersion processing. The optimized sensitivity considering the weight of SWNTs is achieved in the 3-10% SWNT mixing range. The percolation threshold of the composite was 0.1% which is little higher than in Kim's study [52] (which was 0.074%), and also the conductivity range seems to be quite reasonable in the present study.
Dynamic strain test of the sensor on a beam
The experimental setup to test the dynamic response of the SWNT based strain sensors is shown in figure 7 . All experiments were done at room temperature. The 10% SWNT/PMMA composite sensor was selected for the experiment. Since the other SWNT/PMMA composite strain sensors have higher resistance, they require a higher driving voltage and need more current.
The higher resistance also causes broad band noise because of the low current flow in the circuit. This makes signal processing more difficult and a filter and amplifier are needed with a 20 V applied voltage.
As CNTs can be either metallic or semiconducting, depending on the chirality of the tube, the buckypaper simultaneously has metallic (high conductivity) and semiconducting properties [53] . The SWNT based sensors show resistance drift due to ambient temperature and other effects similar to conventional metallic strain gages. Thus, a dummy SWNT strain gage is connected to the Wheatstone bridge to compensate for the resistance drift. The drift and its compensation are still being investigated to reduce sensor error.
The instrumentation and entire experimental setup are shown in figure 8 . A laser displacement sensor (Keyence, LC-2400 series) is used to measure the displacement of the strain sensor. The laser sensor measures beam displacement at the center of the strain sensor and the measurement is used to find the actual strain in the beam at this point; this is compared to the simulation result described next. The buckypaper strain sensor was tested using a 5 V driving voltage for the Wheatstone bridge. The signal was measured with a 30 Hz low-pass filter with a 20 dB amplification gain. Figure 9 shows the dynamic strain response of the sensors in free vibration induced by displacing and releasing the free end of the beam. Above 500 microstrain, the dynamic strain response of the buckypaper showed a decreasing sensitivity due to slip of the SWNTs as described earlier. The buckypaper sensor does not exactly represent beam displacement, as shown by comparison with the laser displacement sensor in figure 9(a) . The SWNT/PMMA 10% composite sensor was tested with a 20 V driving voltage with a 30 Hz cutoff low pass filter with a 20 dB gain. The sensor response in figure 9 (b) is almost identical with the output of the laser displacement sensor, which means that the composite sensor measures the strain signal from the structure without much distortion.
Electrical modeling and simulation of the dynamic strain response
An electrical model of the voltage response from the strain sensor using the Wheatstone bridge was derived. The electrically parallel circuit model of the sensor was based on the EIS test model with electrolyte as shown in figure 3 . The composite has a diffusion parameter and Warburg coefficient in the model but they were neglected in the simple electrical model in equation (5) for dry structural applications in this study. The dry sensor in particular has much smaller capacitance than the wet sensor, but the same electrical model is used.
The change of resistance can be converted into a Wheatstone bridge voltage output (V out ) with a DC power source (V drv ); the voltage output should be:
where V 11 and V 21 are the voltage across the strain sensor and the resistance R 2 , respectively. The circuit driving voltage (V drv ) coming from the external power supply can be expressed as the sum of V 21 and V 22 , which is the voltage across resistance R 3 : Solving for the voltage (V 21 ) with Ohm's law:
Solving for the voltage (V 11 ):
Applying Kirchoff's first law [54] to find the current flowing the strain sensor (i 1 ) gives
where C s and R s are the capacitance and resistance, respectively, of the strain sensor. In this study, only R s is a variable with respect to dynamic strain while C s is assumed a constant independent of the change of strain. Substituting equation (17) into (16) produces a non-homogenous first order, ordinary, but non-linear differential equation which describes the voltage across the strain sensor:
In (18), the resistance of the strain sensor (R s ) and the voltage across it (V 11 ) change simultaneously because dynamic strain simultaneously changes the resistance of the strain sensor and the voltage across it. Therefore, in order to find V 11 , it is first necessary to find R c using the strain model which can be found from the gage factor and the strain of the beam, and this procedure is shown below. After that, the solution of V 11 is found using numerical integration. The voltage output in equation (13) can be obtained from the solution of equations (18) and (15) .
The response of the strain sensor was simulated by solving equation (18) . The resistance corresponding to a 10% SWNT/PMMA composite sensor was selected for the simulation, and to verify the sensor modeling. The resistance change in the strain sensor R s is
where R 0 is original resistance of the strain sensor without any strain and R is the change of resistance due to beam deflection, which can be deduced from the previous strain modeling curve (figure 5). The previous modeling was measured during a continuous change of displacement, but for the dynamic change of displacement the strain response shows a smaller change of resistance. This might be due to hysteresis of the sensor, and is still being investigated. Thus, the gain factor (S g ) is measured again for the dynamic strain simulation for the SWNT/PMMA wt 10% composite sensor. The change in resistance due to dynamic strain can be found using (12) and is
The dynamic strain of the beam was derived from the measurement of the y displacement of the center of the sensor, y(a), measured with the laser displacement sensor in figure 10(b) . The beam frequency ( f ) was also determined based on the time response in figure 9(b) . Table 3 gives the simulation parameters. As this is a study for a dry structural application, the resistance and capacitance of the sensor were measured with a multi-meter and a capacitance meter, respectively.
Finally, the voltage output from the Wheatstone bridge was found from equation (13) and by solving equation (18) using the Runge-Kutta fourth order method [55] . Figure 11 shows the simulation of the strain response of the SWNT/PMMA composite sensor. The simulation assumed undamped vibration in the beam, therefore the strain response does not show the decay of vibration amplitude which is shown in the experiment. If there is no initial strain, the voltage across the sensor (V 11 ) is the same as the voltage across resistance R 1 (V 12 ) and the initial condition of equation (18), the initial voltage across the sensor, can be assumed to be half of V drv . This simulation shows good agreement with the strain response of the actual sensor. The amplitude of the simulated voltage output is 13% smaller than the actual sensor output, probably due to modeling error. Most of the error may come from the non-linear characteristics of the sensor, especially the resistance drift. Hence, drift modeling or a compensation method should be studied to improve the simulation.
The effect of the capacitance term parallel to the resistance in the electrical model is also considered. The solid line in figure 11 shows the strain response of the sensor with the capacitance term in the model of the resistance strain gage. The parallel capacitance combination causes a small phase delay of the signal [56] , and it reduces the voltage amplitude because of the drop in current due to the capacitance. In most the cases, the SWNT based strain sensor can be modeled using only a resistance term because of the small effect of the capacitance term.
An artificial neuron based on a MWNT strain sensor
CNTs can be fabricated as long films [57] [58] [59] , which can be considered as a long continuous neuron sensor. The neurons can be connected in parallel with logic circuits to form a neural system. The neural system can be in the form of a grid attached to the surface of a structure to make a sensor network, like the neural system in the human body. This would be an artificial neural system (ANS) for SHM and would cover large areas and monitor a structure in real time [60, 61] . The architecture for a neural system has already been developed for piezoelectric neurons. Nanotube neurons would be a simpler type of neuron and could be integrated into an existing structural neural system [70] . Figure 12 shows the concept of a biomimetic ANS which could be built with CNT continuous strain sensors.
The CNT neurons used to form an artificial neural system can detect large strains in a structure at distributed points. A CNT based ANS may therefore have applications such as in a smart crash detection system in automobiles [62] and structural health monitoring of metallic and composite structures. The ANS not only senses the strain of the structure but also predicts the location of cracks within a grid of sensors [63] . By controlling the stiffness of the neuron with different strengths of the binding polymer, we can also build soft or hard neurons. For instance, a hard neuron is suitable for structural strain measurement and a soft neuron may be suitable for artificial skin because it can simultaneously sense large strains, pressure and temperature. The flexibility of soft neurons may allow them to be embedded in artificial skin with a tactile sense for an intelligent robot. A crack propagating near the neuron may increase the strain of the sensor, and if the crack reaches the sensor it will reduce the area or completely separate the neuron. Because the neuron is made of long, thin CNTs it can be easily separated by a small crack and it can be highly distributed across the structure; therefore it could sense and prevent catastrophic damage, for example in aircraft and launch vehicles.
Large scale structures such as bridges and buildings need to directly measure the long-span and multi-dimensional strain occurring these structures. However, it is difficult to install a sufficient number of conventional strain gages as they require a large amount of wiring [64] . An ANS is made from long continuous CNT sensors and can monitor continuous strain along a bridge or building. Furthermore, this type of neuron is a resistance type of electrical strain sensor and can become an industrially viable technique by just using a simple bridge circuit. The neuron could be highly distributed across the structure and could sense and prevent catastrophic damage. An ANS formed using CNT neurons could monitor strain over long sections of a structure as an alternative to the piezoelectric ceramic neurons used in the SNS described in [65, 70] . CNT neurons are lighter than the piezoelectric system. Furthermore, such a neuron could cover a larger area than a localized strain gage, and a nanotube neuron is easier to install or embed into a structure because the ANS sensor system can be sprayed on with an airbrush using a template to outline the neurons. The neurons could also be inserted into the structure as a pre-cured layered film. CNT neurons would add almost no penalty to the structure because a CNT ANS is lightweight and thin, there is no stress concentration, no piezoelectrics and no storage of high frequency waveforms which is required in some other SHM methods. Such an ANS is expected to effectively detect damage in large complex structures including composite helicopter blades and composite aircraft and rotorcraft.
The cost of nanotube neurons may be high for use on large structures with long SWNT neurons. Building an ANS with MWNTs or multi-walled carbon nanofiber (CNF) instead of SWNTs would reduce the cost in real applications. A MWNT has lower performance but is about one-quarter of the cost of SWNTs. A CNF has lower performance again, but is about 200 times lower in cost than a SWNT sensor. Although SWNTs have excellent electrochemical properties, because their cost is high and incorporation of SWNTs into polymers at high loadings is difficult, MWNT and CNF composite continuous strain sensors are being developed further in our Figure 13 shows a MWNT/PMMA wt.10% composite neuron and its strain response in an aluminum cantilever. The composite neuron is patterned on the structure using a sprayon technique. This makes it easy to apply the neuron to existing structures for SHM applications. The spray strain sensor could be used not only in large structures but also on microstructures such as MEMS. Having smaller mechanical and electrical properties than SWNTs, a MWNT neuron shows less strain sensitivity but the MWNT/PMMA neuron shows fairly high sensitivity to the change in strain on a cantilever with appropriate signal processing. Figure 13 (a) shows a neuron installed on an aluminum beam with a yellow Kapton insulating layer. Figure 13(b) shows the dynamic strain response of the neuron. The response matches well with the vibration measured using a laser displacement sensor. The neuron is a thin layer of composite material and it will be separated when a crack propagates through it. After the separation, the resistance of the sensor is increased and the capacitance is decreased, which can be converted into a voltage response change using a bridge electrical circuit. The reduced resistance due to damage causes a higher amplitude voltage and the reduced capacitance induces a phase shift of the dynamic response. Figure 13(c) shows the response from an experiment to simulate crack detection on an aluminum beam with a MWNT/PMMA neuron. The neuron is partly cut with a blade to simulate propagation of a crack through the neuron. A thin cut to simulate a crack is used to avoid the long fatigue testing of the beam needed to generate a crack. The simulated crack gives a similar result to the actual fatigue cracking that was performed on earlier samples. The 2 mm crack through half the width of the neuron produced a simultaneous change of resistance and capacitance. The resistance and capacitance of the neuron were changed from 3.7 to 3.8 k and from 31.1 to 29.0 pF, respectively. Since the neuron has resistance and capacitance terms as sensing parameters, and the neuron is small and lightweight, SHM using the neuron will be more practical than using other larger more expensive sensor types. Conventional crack detection techniques are based on local stress detection due to a stress concentration [66] or measuring only the change of resistance due to cutting a foil crack sensor as a result of crack propagation [67] . However, the neuron determines crack propagation based on two electrical parameters that can simultaneously monitor different SHM parameters at the same location [68] . Each neuron of the ANS can monitor the average strain along it by a change of resistance and simultaneously monitor a change of capacitance if a crack breaks the neuron. The CNT neuron is smaller and simpler then other sensor types for building an ANS. After completely separating the neuron, the AC voltage output from the circuit goes to zero due to the open circuit. The strain sensing model and its structural damage detection characteristics for SHM are being further investigated, including the use fatigue testing. The effect of the width and thickness of the neuron on the sensitivity to damage are also being investigated.
Conclusions
Having tailored mechanical properties and piezoresistive properties, a SWNT based resistance sensor was able to measure the strain in structures. Experimentation showed that a buckypaper strain sensor has high sensitivity, but because of the weak axial van der Waals attraction nanotube slippage degrades the strain response of the sensor which was linear only within the range of 500 microstrain. The buckypaper strain sensor could not exactly represent the beam strain in a dynamic load test. Therefore, a CNT/PMMA composite sensor was developed to improve the strain transfer across the sensor by means of stronger polymer interfacial bonding. Even though the composite strain sensor showed a lower sensitivity than the buckypaper sensor, it has a fairly linear symmetric strain response under static and dynamic strain.
An electrical model of the nanotube sensor was derived based on electrochemical impedance spectroscopy and static resistance tests. The sensor was also modeled, and the dynamic response of the sensor on a beam was simulated. The simulation showed good agreement with the strain response of the actual sensor. The capacitance effect of the sensor was considered and found to have a small effect on the dynamic response.
Finally, a biomimetic artificial neuron was developed using a MWNT composite continuous strain sensor. The neuron is a low cost sensor suitable for SHM of large structures. Since this long sensor is easy to apply to a structure using a spray-on technique, it could be utilized to build an artificial neural system. In addition, this neuron is a resistance type electrical strain sensor and it can be used with simple circuitry like a conventional strain gage. The neuron is able to detect a small crack propagating through it under dynamic loading. The crack induces a change in the voltage amplitude and phase during vibration.
Further study of the large strain sensing capability of the nanotube sensor is aimed at increasing the bandwidth of the dynamic response, minimization or correction of resistance drift and determination of the long term reliability of the sensor material. This will prepare CNT based sensors for practical applications.
